THE value of observations made during exercise in assessing the severity of isolated pulmonic stenosis has been recognized previously.1-4 Elowever, the small number of patients studied, the coincident occurrence of right-to-left shunting, and the paucity of comparable data in normal subjects have made for difficulties in interpretation. As a more precise assessment of the severity of pulmonic stenosis became necessary with the development of surgical technics for correction, exercise response was emphasized by Brock.5 The need for evaluating the rise of right ventricular systolic pressure during exercise in the selectioin of patients for surgery was stressed, and Johnsoin(" pointed outt its importance in the appraisal of the results of valvotomy.
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The ptirpose of this report is to present observations on the circulatory response to) exercise in a selected group of adult subjects with isolated pulmonic stenosis by uise of a technic f.or simultaneous measurement of pulinonary arterial and right ventricular pressures, and the Fick principle method for determination of cardiac output.
Materials and Methods
All patients studied were subjected to careful examination to exclude congenital cardiac anomalies other than pulmonic stenosis with intact ventricular septum. In addition to clinical examination, this included ani electrocardiogram, chest teleroentgenogram, and right heart catheterization. Particular attention was directed toward exclusion of subjects in whom intracardiac shunting mechanisms existed at rest or during exercise. From Blood hemoglobin concentration and hematocrit level were normal in all patients. Endocrine and metabolic abnormalities were excluded by appropriate studies.
Studies on 13 subjects so selected form the basis for this report. Data relative to age, sex, and body surface area are presented in table 1. Five of the 13 were functional class I, seven were functional class II, and one was functional class III according to criteria of the New York Heart Association.7 None of the patients had clinical manifestations of congestive heart failure at the time of study. Two subjects (nos. 6 and 12) had been in frank congestive heart failure prior to study, patient 6 having had minimal congestive failure durinig an episode of supraventricular tachycardia. Seveni of the 13 complained of dyspnea on exertion, seven of palpitation, and eight of easy fatigability, whlile tiwo had experienced syincope. All subjec.ts lhad grade IIJ-IV/VI ejection systolic muirmurs audible at the left upper sternal border. A soft pulmonic closure sound was audible in 10 subjects. Five were seen to have a large "A" wave in the jugular venous pulse. The electrocardiogram was initerpreted as indicatiiig right ventricular hypertrophy in nine of 13. One had a pattern of incomplete right bundle-branch block and three had normal electrocardiograms. P-wave changes suggested right atirial enlargement in five subjects and two had first-degree atrioventricular block. The chest teleroentgenogram disclosed poststenotic dilatation of the pulmonary artery in all but one case, right atrial enlargement in sevenr, and right ventricular enlargement in 10. In eight patients, the pulmonary vascularity was judged to be diminished. Analysis of the pressure tlacings xw as supportive of valvular stenosis in all cases except one (no. 5) in which infundibular stenosis was present. All 13 subjects wvere then restudied, with a double-lumen cardiac catheter to permit simultaneous recording of pulmonary arterial and right ventricular pressures. The brachial arterial pressure was simultaneously recorded through an indwelling Cournand needle. Strain-gage pressure transducers with an appropriate amplifying and electronic recording apparatus * were used to record the pressures. All Relatiomshil) between cardiac index and oxygen consumption at rest and during exercise in 13 subjects with pulmonic stenoAis. Shaded area demonstrates the range for normal subjects during exercise taken from the data of Donald et al. 1 l patients were studied in the postabsorptive unsedated state. Control observations lasting approximately 1 hour were carried out during which five to eight recordings of the vascular pressures were made at rest with the patient breathing room air. Two separate determinations of the cardiac output were made according to the Fick principle as previously detailed from this laboratory.8 Mild leg exercise was perfoirmed in the supine position for 7 to 10 miniutes. During the first minutes of exercise, three pressure measurements were made, and repeat measurements were made after completion of the cardiac output determination, usually at the sixth or seventh minute of exercise. Between the fifth and tenth minute of exercise, cardiac output was determined over a 2-minute interval. The presence of a steady state after the fifth minute has been established previously for this type of exercise.9 Tables 1 and 2 indicate the stable resting pressure values. Each pressure measurement represents an average value determined by measuring the systolic and diastolic pressures during two complete respiratory cycles. The reported data on resting cardiac output and ventilation represent an average of two determinations, with a maximum variability of 8 per cent. In five of 13 cases, only a pulmonary mean pressure could be calculated; in these cases, the reported pressure gradient is that between right ventricular systolic and pulmonary artery mean pressures.
In nine patients the site of stenosis was subsequently confirmed at operation.
Results

Cardiac Index
As shown in table 1, fouir of the patients had resting cardiac indices less than 2.7 L. /min. -M.2 of body surface area, which may be taken as the lower limit of normal.10 Figure 1 shows the relation between cardiac index and oxygen consumption at rest and during exercise. The range of normal valuies shown in the figure was obtained from the data of Donald et al. 11 WVith these values, it can be seen that tile najority of patients failed to increase cardiac output normally during exercise. On the basis of previous studies in normal subjects 10 800 ml./min. 100 ml. oxygen consumption with exercise has been taken as the lower limit of normal of the factor relating increase in cardiac output to increase in oxygen consumption. By this criterion, six of the group were found to have a subnormal response (table 1) . Seven (nos. 7 to 13) were found to have a low cardiac outpult at rest, a subniormal response to exercise, or both. The seven wvere arbitrarily grouped together and are referred to as group 2. Those patients whose resting and exercise outputs were normal comprise group 1. In the seven patients of group 2, the average right ventricular systolic pressure at rest was 112 mm. Hg as compared wvith an average of 70 mm. Hg in the remaining six (grouip 1).
ARTERIOVENOUS Oxygen Difference
Vols. % Those in group 2 were found to have right ventricular systolic pressures at rest above 80 mm. Hg with the exception of one patient (no. 10) who had a pressure of 74 mm. Hg. In the patients with normal flow patterns, right ventricular systolic pressures at rest were 80 mm. Hg or below in all but one (no. 2).
Arteriovenous Oxygen Difference
By use of the data of Hickam and Cargill 12 and of Dexter et al. 13 to indicate 'the normal range for arteriovenous oxygen difference at rest and during exercise, it was found that arteriovenous oxygen difference in these patients was normal or slightly widened at rest ( fig. 2 ). When arteriovenous oxygen difference was related to the oxygen consumption during exercise, it was found to increase more than normal in seven of ;the 13 patients ( fig.  2 ). These are the same seven patients having a subnormal cardiac output at rest or during exercise.
Stroke Volume
Stroke volumes calculated in all but one patient are shown in table 2. Increase in cardiac output with exercise was achieved on the basis of an increase of heart rate, inasmuch as no significant change in stroke volume occurred except in one patient. Since the increases in systolic gradient observed during HEART Relationship between heart rate and oxygen consumption at rest and during exercise in 12 subjects with pulmonic stenosis. Shaded area is the normal range reported by Dexter et al.13 exercise occurred without change in stroke volume, these increases were presumably related to an increased mean systolic ejection velocity and a diminished systolic ejection period per beat. There was a trend toward reduction in stroke volume with increasing right ventricular systolic pressure at rest, and the resting stroke volume was below 60 ml. in six patients. In these six patients, the average resting right ventricular systolic pressure was 118 mm. Hg, whereas in the remaining six whose stroke volume was above 60 ml., the average resting right ventricular systolic pressure was 73 mm. Hg. In all patients but one having a subnormal cardiac output, the stroke volume at rest was below 60 ml.
Heart Rate
One patient had a heart rate above 90 at rest, while 10 fell in the range of 70 to 90, and two had rates below 70. The increase in heart rate with exercise was roughly proportional to the increase in cardiac index ( fig. 3 ). When heart rate was related to oxygen consumption, it was found that three patients sustained increases in rate during exercise that were outside the range of normal reported by Dexter et al.13 (fig. 4 ). Two of these (nos. 11 and 13) had low stroke volumes at rest and during exercise (approximately 50 ml.), with subnormal cardiac outputs. 
Right Ventricular Dynamics
If the level of 5 mm. Hg is taken as the upper limit of normal, it was observed that seven patients had elevated right ventricular enddiastolic pressures at rest and all but two were elevated during exercise. No correlation between the level of right ventricuilar diastolic pressure at rest and cardiac outpult at rest or during exercise was found. Right ventricular end-diastolic pressure increased 2 mm. Hg or more during exercise in every patient, despite the presence of fixed stroke volumes (no. 4 excluded, since no stroke volume could be calculated).
No relation existed between right ventricular systolic pressure and the level of diastolic pressure at rest, nor could the amount of increase in diastolic pressure during exercise be related to the resting diastolic pressure. There seemed to be an inverse relationship between the increase in end-diastolic pressure during exercise and the increase in right ventricular systolic pressure that was developed. That is, those who had the smallest increases in diastolic pressure with exercise developed the largest increments in right ventricular systolic pressure.
The systolic ejection period per beat, calculated in 12 subjects, was found to decrease with exercise in 10, remained unchanged in one, and increased in one (patient 5 with infundibular stenosis). Thus, in the presence of fixed stroke volumes, the systolic ejection velocity increased during exercise in all but two patients. One of these was the patient with infundibular stenosis in whom the systolic ejection velocity diminished from 212 ml./!sec. at rest to 177 ml./sec. with exercise.
Pulmonary Artery Pressure
Taking the value of 8 mm. Hg as the upper limit of normal increase in pulmonary artery mean pressure during exercise,10 only one patient (no. 9) showed an abnorrmal increase (table 2).
Pressure Gradient Right Ventricle-Pulmonary Artery
The peak systolic gradient across the stenotic pulmonary orifice increased in all subjects during exercise. The range of increase was from 5 to 82 mm. Hg. There were no consistent differences in the gradient either at rest or during exercise between group 1 and group 2 suibjects although some of the larger gradients were noted to be in group 2. There was no clear correlation between the gradient ait rest or the degree of rise in the gradient during exercise, and aniy of the otther parameters measured suich as cardiac ouitput or right ventricular systolic and diastolic pressures at rest or during exercise. 
Ventilation and Oxygen Consumption
As shown in table 1, oxygen consumption per square meter of body surface area at rest fell within normal limits. By use of the data of Baldwin et al.14 for the range of normal values, the minute ventilation at rest was elevated in five patients. In all but two, ventilation increased more than the predicted normal for the observed increase in oxygen consumption as shown in figure 5 . Similarly, oxygen removal per liter of ventilation was reduced at rest in five subjects and in all but three instances was less than the predicted normal 14 during exercise. There was a consistent relation between the increase in ventilation and the reduction in oxygen saturation of the pulmonary arterial blood for all patients but two (nos. 2 and 5); in these two, the ventilation increased out of proportion to the decrease in pulmonary arterial blood oxygen saturation. Similarly, when the arteriovenous oxygen differences were plotted in relation to ( Figure 5 Relationship between ventilation and oxygen consumption in 13 subjects with pulmonic stenosis. Shaded area represents normal range taken from the data of Baldwin et al.14 the ventilation, it was found that the ventilatory response to a given increase in arteriovenous oxygen difference with exercise fell into the normal range indicated by Dexter et al.13 except in these same two patients, in whom the ventilatory response was well out of proportion to the change in arteriovenous oxygen difference.
Arterial Blood Carbon Dioxide Tension
Values for partial pressure of carbon dioxide in the arterial blood were obtained in seven subjects (table 1). Four of these were found to have subnormal values at rest or during exercise.
Discussion
The patients could be divided into two groups, which were characterized by the level of cardiac output at rest or during exercise. In group 1 the stroke volume at rest was normal and a normal increase in cardiac output was achieved by an increase in heart rate.
In group 2 the stroke volume at rest was reduced and subnormal increases in cardiac output occurred with exercise, despite comparable or greater increases in heart rate. Group 2 could be further identified by the presence of a resting right ventricular systolic pressure of 80 mm. Hg or greater. The systemic vascular resistance was also elevated beyond the nor-Circulation, Volume XXIX, June 1964 mal range in all of the patients in group 2 except one. However, considerable overlap occurred in that tlhree of the five patients in group 1 in whom systemic vascular resistance could be calculated had slightly elevated values. Other criteria were not helpful in identifying the patients with a subnormal cardiac output response. These included the resting right ventricular diastolic pressure, the degree of rise in the diastolic or systolic right ventricular pressure with exercise, systolic ejection period, pulmonary artery mean pressure, and minute ventilation. These observations may be interpreted as supporting the premise that reasonable grounds for pulmonary valvotomy exist when the right ventricular systolic pressure at rest is in the range of 80 mm. Hg or more. On the basis of similar observations, Brock 5 has recommended valvotomy when this pressure is 75 mm. Hg.
All patients except one (no. 4) showed hemodynamic abnormality during exercise, characterized by abnormal elevation of the right ventricular diastolic pressure and a fixed stroke volume. This suggested the presence of increased filling resistance of the right ventricle, i.e., an abnormally reduced myocardial compliance. The results obtained by Ayres and Lucas 15 and by Johnson6 were similar. Ayres and Lucas found an abnormally elevated right ventricular end-diastolic pressure in six of 11 patients with mild pulmonic stenosis. Johnson reported subnormal cardiac output responses, persistently fixed stroke volumes, and elevated right atrial pressures during exercise in patients previously subjected to pulmonary valvotomy. In the latter report the element of outflow tract obstruction had been relieved and the abnormal responses were presumably related to an abnormally increased right ventricular filling resistance. The etiology of the abnormal ventricular compliance may be related to the presence of right ventricular hypertrophy and perhaps coincidentally right ventricular fibrosis. Allanby and Campbell 16 have shown that fibrosis of right ventricular myocardium exists in pulmonic stenosis and noted that the more marked the degree of right ventricular hypertrophy the more marked was the associated fibrosis. John-son 6 likewise has taken the position that persisting fibrosis is largely responsible for the abnormal hemodynamic findings in patients who have had a therapeutically successful valvotomy.
The method used for determinatioin of systolic ejection period leaves much to be desired, since the characteristics of the catheter manometer system were not defined in terms of frequency response and the dynamics of pulse wave transmission under varying conditions. Thus the data reported must be considered as representing first approximations. The systolic ejection periods at rest and the degree of reduction during exercise appeared to be normal in all but two cases. Since mean systolic ejection velocity increased with exercise in all cases but these two, such increased velocity might be related to the increased systolic pressure gradient across the outflow tract and pulmonic valve during exercise in these subjects, without change in the degree of outflow obstruction. In the patient with infundibular stenosis, howvever, greater outflow obstruction mus,t have occurred during exercise to account for the increased pressure gradient in conjunction with a reduced systolic ejection velocity. That a similar mechanism may occur to some extent in those subjects with valvular pulmonic stenosis cannot be excluded by the data presented here.
A normal response of the pulmonary artery pressure was found during exercise in the group as a whole. This observation denies abnormality of pressure flow relationships in the lesser circulation. In patient 9, however, the response was clearly abnormal. In this connection it may be noted that among 25 patients with pulmonic stenosis who had been subjected to valvotomy, Blount et al.17 observed six with elevated pulmonary artery pressures at rest and one with an elevated pressure during exercise. Two possible mechanisms for these responses are distal multiple stenoses of the pulmonary arterial branches and small vessel thrombi similar to those described by Rich.'8 In two among seven children studied at necropsy with isolated pulmonic stenosis, Rosenberg 19 found small thrombi in the pulmonary vascular bed.
Hyperventilation was present at rest or during exercise in the majority of patients as indicated by the observations on minute ventilation and oxygen removal per liter ventilation. The cause of the phenomenon is uncertain. Systemic arterial hypoxemia and pulmonary hypertension would appear to be excluded. The finding of an increased arteriovenous oxygen difference and therefore lowered tension of oxygen in the mixed venous blood and tissues may possibly play a role in this response.
Summary and Conclusions
The hemodynamic response to exercise has been evaluated in 13 patients with isolated pulmonic stenosis. The patients could be divided into normal and subnormal groups as determined by the level of cardiac output at rest or during exercise. Those with a subnormal response had right ventricular systolic pressures at rest of 80 mm. Hg or more and diminished stroke volumes. It has been concluded that the level of the right ventricular systolic pressure at rest may be taken as an index of the degree of alteration in hemodynamics and is therefore a useful criterion in the selection of patients for valvotomy. Additionally, the response to exercise may be helpful in the evaluation of patients with right ventricular systolic pressures less than 80 mm. Hg at rest.
During exercise all patients except one developed an abnormal elevation of the right ventricular diastolic pressure with no change in stroke volume. These findings have been interpreted as indicating reduced myocardial compliance. A normal response to exercise relative to pulmonary artery pressure was found in all instances but one. Structural alterations in the pulmonary vascular bed presumably accounted for this single exception. Hyperventilation at rest or during exercise usually occurred. The mechanisms responsible for this were not defined by the data available.
